phisms among 36 sorghum lines were equally low for profiles obtained by means of 30 RAPD primers or 29
breeder classifications of germplasm. Brown et al. all lines to be uniquely identified; two lines could not be distinguished (1996) in an explorative study surveyed diversity among collectively cover more of the genome will be required for applications
The limited sampling of germplasm in these previous to assist in breeding.
studies hinders an assessment of the ability of SSRs to detect genetic variation in sorghum. Few (9-13) inbred lines were included and they may not adequately repre-D NA-based genetic markers are being increasingly sent the gene pool of many breeding programs. Furtherutilized in cultivar development, quality control of more, comparisons of discrimination abilities and associseed production, measurement of genetic diversity for ations of germplasm that stem from the use of various conservation management, varietal identification, and molecular profiling methodologies are confounded by intellectual property protection (IPP). Previously rethe use of different inbred lines. Therefore, the potential ported methods to characterize inbred lines of sorghum utility of SSRs as a molecular profiling technology to include RFLPs (Tao et al., 1993; Vierling et al., 1994;  aid in research and product development of sorghum Ahnert et al., 1996; Yang et al., 1996) , randomly ampliremains to be evaluated. fied polymorphic DNA (RAPD) (Tao et al., 1993; Vier- The objective of this study was to determine the poling et al., 1994; Yang et al., 1996) , inter-simple sequence tential utility of SSR technology for applications in rerepeats (ISSR) (Yang et al., 1996) , and SSRs or microsearch, product development, seed production, intellecsatellites (Brown et al., 1996; Taramino et al., 1997) .
tual property protection (IPP), and genetic resources Each of these classes of molecular markers has characconservation management for sorghum. To accomplish teristics affecting comprehensivity of genome coverage, this goal, we report molecular profile and pedigree data discrimination ability, reproducibility, speed, and cost for a set of 50 elite sorghum lines. We assessed the of data generation and scoring that impact applications discrimination ability of data obtained from RFLP of the individual technologies by plant breeders and conprobes and from SSR loci and we compare associations servators.
among inbred lines that are revealed by these data with Tao et al. (1993) found that overall levels of polymorassociations that would be expected on the basis of known pedigrees. We also discuss the cost effectiveness that had already been characterized by RFLPs (Ahnert et al., 1996) . Inbreds were selected so that they would collectively Published in Crop Sci. 40:226-232 (2000) . identical code names to those reported by Ahnert et al. (1996) .
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Line † Pedigree ‡ Line † Pedigree ‡ RFLP data for 104 probes were taken from the study conducted by Ahnert et al. (1996) . DNA, for analysis by SSRs, was
R Lines B lines
extracted with protocols as described by Ahnert et al. (1996) . 
Amplification Protocols
but also the relative frequencies of those alleles. PIC values Multiplex PCRs were performed in 25-L volumes conwere calculated by the algorithm: taining 25 ng of template DNA, 0.75 to 4.0 pmoles of each primer (see Table 2 ), 1ϫ Perkin Elmer PCR Buffer II, 0.25 mM
dNTPs, 1.5 mM MgCl 2 , and 0.5 U Taq polymerase (Amplitaq, Perkin-Elmer). Temperature cycling was done on the Genei ϭ 1 Amp PCR System 9600 (Perkin-Elmer) with 1-s ramp times.
where f 2 i is the frequency of the ith allele. The amplification profile consisted of initial denaturation of PIC values range from 0 (monomorphic) to 1 (very highly the template DNA at 95Њ C for 4 min, followed by 25 cycles discriminative, with many alleles each in equal and low freof 95Њ for 1 min, 55Њ for 2 min, and 72Њ for 2 min. The final quency). PCR cycle was identical to the above, except that the extension Genetic distances between pairs of inbred lines for SSR time at 72Њ was increased to 10 min. Samples were not diluted and RFLP data were calculated from comparisons of the band prior to electrophoresis.
scores by a modified Nei's distance (Nei and Li, 1979) . Pedigree distances between pairs of inbreds were calculated from
Electrophoresis and Detection
1Ϫ Malé cot's Coefficient of Relatedness (Malé cot, 1948). Associations among inbreds were revealed by UPGMA correSamples containing 1-L PCR product, 0.5-L GeneScan sponding to Ahnert et al. (1996) . 500 internal lane standard labeled with N,N,NЈ,NЈ-tetramethyl-6-carboxyrhodamine (TAMRA) (Perkin Elmer/Applied Biosystems), and 50% (v/v) formamide were heated at RESULTS 92Њ C for 5 min, placed on ice, then loaded on 4% (w/v) denaturing (6 M urea) acrylamide:bisacrylamide (19:1) gels Eighty-nine alleles were revealed by these 15 SSR phic. The mean PIC value for all RFLP loci was 0.62.
Polymorphism information content (PIC) provides an esti-
The PIC values for SSR loci ranged from 0.78 to 0.35 mate of the discriminatory power of a locus, or loci, by taking into account, not only the number of alleles that are expressed, with a mean value of 0.58. Associations among inbred lines that would be exreadily available without the need for significant expenpected on the basis of pedigree are presented in Fig. 1 . ditures of resources for basic technology development. There is a clear demarcation between most of the lines Initial costs of conducting RFLP analyses in sorghum according to their status as B or R lines. Associations are reduced since RFLP probes have been successfully among lines on the basis of their SSR profiles are shown used that were initially developed from maize (Zea mays in Fig. 2 . Viewing these associations from the top of the L.). None of these technologies are dependent upon figure, the lines fall into five groups. First, there are six knowledge of the target DNA sequence data. In conlines (no. 65 to no. 2) that are a mix of R and B genotrast, simple sequence repeat (SSR), or microsatellite types. Second, there is an association of 13 lines, 11 of technology, usually requires DNA sequence data that which are R lines. Third, there is a mixed group of are species specific and development of primers for six lines; three of which are closely associated R lines.
SSRs requires significant resources. However, once Fourth, there is a cluster of 13 B lines. Fifth, there is a SSRs are developed, they can be used to provide profiles loose association of the remaining 12 inbreds that inthat are highly discriminative among cultivars for many clude both R and B lines. species including maize (Senior and Heun, 1993 RFLP and al., 1995; Roder et al., 1995) . SSRs can be mapped to SSR data, respectively. For the R lines, the correlations discrete loci , the locations of which with pedigree were 0.41 and 0.47 for RFLP and SSR are stably inherited within a species, in contrast to the data, respectively. In each case, correlations for RFLP loci revealed by arbitrarily primed methods such as and SSR data were not significantly different at or below RAPDs. Also, the detection of duplicate loci by RFLP a level of significance of 0.1.
clones can obscure the direct assessment of allelic variation. Additionally, SSR technology offers the potential DISCUSSION that data acquisition can be more cost effective than is the case for other technologies. RFLPs, RAPDs, and ISSRs are DNA marker profiling technologies that each share the advantage of being
The 50 lines that were included in this study represent germplasm that is routinely used in sorghum breeding late (sub-tropical). Germplasm groups that are represented include Feterita, Zera Zera, Kaura, Kaoliang, in the USA. The inbreds encompass a relatively broad array of germplasm diversity. For example, the set of Kafir, Redbine, and lines developed from inter-group crosses. Within the groups, there is a variety of kernel germplasm includes lines developed in several different geographic areas (including India, Mexico, South Amercolors, plant heights, and maturities. Some of the lines have been derived from well adapted, high performing ica, the USA and Australia). Maturity ranges from the very early that is adapted to South Dakota to the very inbreds while others have been developed from crosses with partially or fully converted lines from the world or ISSRs in the studies reported by Tao et al. (1993) , Vierling et al. (1994) , and Yang et al. (1996) are difficult sorghum collection.
Comparisons of discrimination ability for SSRs and to make for they are confounded by the use of different germplasm in each study. RFLPs are reported to reveal their ability to provide data that are reflective of pedigree backgrounds to those obtained by RFLPs, RAPDs, more polymorphisms than RAPDs (Vierling et al., 1994) or ISSRs (Yang et al., 1996) . In addition, RAPDs and provide distance measures between inbred lines that reflect pedigrees provides a more stringent evaluation ISSRs can contribute to problems with reproducibility among experiments (Yang et al., 1996) and the meaningof the adequacy of marker profile data. The use of additional SSR loci will collectively allow the sorghum ful comparison of data among laboratories. Taramino et al. (1997) note that prior to their studies of SSRs on genome to be surveyed more comprehensively and will also give smaller standard errors around estimates of nine diverse sorghum genotypes, isozymes and RFLPs emerge as the most discriminating reproducible molecugenetic distance between individuals, inbred lines, hybrids, or populations. Usage of such an expanded set lar profiling method for discriminating sorghum germplasm.
of SSR loci would also provide associations among germplasm entries that are profiled that are more reflecThe results provided by Taramino et al. (1997) showed that SSRs could have great potential in discrimitive of pedigree. The availability of more SSR loci would facilitate mapping and selection upon quantitative trait nating among sorghum inbreds. Information content of the SSR loci was high; data from just one SSR locus loci (QTL) in sorghum. This relatively small set of SSRs is convenient to use could alone allow all inbred lines to be uniquely identified. However, that set of lines does not allow an evaluabecause of multiplexed amplification and gel running. These SSRs can provide data that are useful to support tion of the discrimination ability of SSRs among an elite set of germplasm used routinely in product development genetic conservation and IPP to underpin sorghum research and product development because of good disnor does it provide the basis for a direct comparison of discrimination ability from RFLP data. The present crimination power and an ability to validate pedigrees. Pedigree validation is possible because of an ability to study allows for both of these analyses.
Forty-eight (96%) of the elite inbred lines included reveal adequate polymorphisms that obey the laws of simple Mendelian inheritance in contrast to the more in this study could be uniquely identified by just 15 SSR loci. The analyses of SSR and RFLP data were complex and less completely understood inheritance of randomly primed amplification products. SSR data can congruent in identifying similarities between lines that are closely related by pedigree. For example, associabe obtained with a high degree of reproducibility between laboratories (Jones et al., 1997) and this class of tions made on the basis of SSR profiles identified the following groups of lines that would be expected on the data are now being used to "help guarantee the intellectual property rights of soybean breeders'', (Diwan and basis of known pedigrees: (i) Lines 80 and 104; (ii) Lines 88 and 98; (iii) Lines 30 and 22; (iv) Lines 3, 18, and Cregan, 1997) . Nonetheless, data from additional SSR loci that collectively sample the sorghum genome with 38; and (v) Lines 2, 10, and 36. But unlike the association of lines from RFLP data, the analysis of SSR data did greater thoroughness will be required before data from SSRs can be the sole source of molecular evidence to not result in such a discrete demarcation of B and R lines according to their respective fertility groups. Nevhelp ascertain whether a line is essentially derived according to revised laws for plant variety protection ertheless, other associations of lines revealed by SSRs have support from pedigree or from performance infor-(PVP). Yang et al. (1996) compared the costs of profiling by mation. For example, Lines 45, 65, and 94 were not associated according to RFLP data but their association RFLPs, RAPDs, and ISSRs. They estimated that ISSR was the most cost effective method for obtaining varietal on the basis of SSR profiles does reflect the fact that these lines are all females with Zera Zera germplasm profile data at $1 per data point; costs of acquiring data from the use of RFLPs and RAPDs were substantially in their pedigrees. Lines 1, 4, 23, and 69 represent a mix of male and female lines but they are all of early matuhigher at $2.90 and $5.70 per data point, respectively. Sample throughput costs and timeliness have been the rity. Lines 62, 73, and 76 are all females with pedigrees that trace to an Australian source that are associated major factors limiting the application of molecular marker technologies in marker-assisted selection and in by SSR data but which are not closely associated on the basis of RFLP data. SSRs show an association of Line the monitoring of seed purity. Our estimates are that profile data from the use of SSR technology can be 90 with Lines 88 and 98 that reflects known pedigrees, whereas RFLP data showed Line 90 to be more different obtained and databased at a cost of $0.50 per data point when both DNA amplifications and gel separations are to Lines 88 and 98. Both SSRs and RFLPs showed an association of Lines 39 and 52, which are yellow multiplexed. Advances in gel separation technologies (e.g., automated capillary gel electrophoresis) could furendosperm lines that were not associated according to pedigree data.
ther reduce this cost. The high initial costs of discovering SSRs and developing multiplexed sets for profiling can The loci that are represented by these SSRs map to at least nine different linkage groups (Dean et al., 1999) .
be shared through public investments or by private consortia. This number of SSR loci, which collectively had a moderately high PIC, provided an ability to identify uniquely
We anticipate that SSR profiling will replace RFLPs and other PCR-based methods for the identification of most (96%) of the inbred lines that were profiled. Data from 104 RFLP loci provided a discrimination power sorghum inbred lines and hybrids for many applications in research, product development, the support of IPP that was only marginally greater among this same set of lines. Inbred Lines 88 and 98, that were indistinguishable and that SSRs can help in the more effective management and utilization of conserved genetic resources. according to data from 15 SSR loci, were also indistinguishable for the majority of RFLP loci. The ability to However, still further improvements in throughput and 
